The formation of electron traps has been studied in thermally grown silicon dioxide that was encapsulated by polysilicon and annealed at temperatures from 1100 to 1325" C. Samples with oxide thicknesses of 100 and 400 nm were examined by cryogenic and room temperature detrapping measurements. Two distinct electron traps were observed in buried oxides; the thermal trap depths are 0.5 and 1.1 eV and the tunneling depths are 0.9 and 1.5 eV. The deeper electron trap is filled by room temperature irradiation. The deeper trap is detrapped by thermal excitation between room temperature and 120" C or by tunneling at fields between 4 and 5 MV/cm. The formation of both electron traps is diffusion limited and the Si/SiOz interfaces are the source or sink for the diffusing species. While shallow trap formation monotonically increases with annealing temperature, trapping in the deeper trap peaks at about 1200" C for the 400 nm thickness and at 1100" C or lower for the 100 nm thickness. The occupation of shallow traps during cryogenic irradiation decreases the occupation of the deeper trap compared with room temperature irradiation. At high concentrations, the shallow traps decrease the tunneling field of the deeper trap by trap-assisted tunneling.
I. INTRODUCTION
Silicon-on-Insulator (SOI) technologies are being pursued for advanced integrated circuits. Integrated circuits fabricated with SO1 wafers offer advantages for radiation-hardening and for low-power operation. The leading methods for SO1 wafer fabrication are separation by implantation of oxygen (SIMOX) and the various wafer bonding techniques.
All of these technologies require annealing of the buried oxide. The SIMOX fabrication process involves a high temperature anneal (> 1300" C) after oxygen implantation. Wafer bonding techniques also normally anneal the buried oxide after bonding and ithe annealing temperature is often 1100" C or higher. The importance of SO1 has generated an interest in understanding defects in the buried oxide and the effects of annealing silicon dioxide that is sandwiched betweein silicon layers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Much of the past work has focused on defects produced by the higher annealing temperature required for SIMOX fabrication. A high concentration of E' centers is measured in SIMOX material [7] . Annealing a buried oxide at 1300" C has been shown to form a high concentration of deep hole and shallow electron traps
[8]. A deeper electron trap has also been observed after cryogenic irradiation [ 151. In this paper, the deeper electron trap is studied in more detail. A range of annealing temperatures from 1100 to 1325" C is examined with oxide thicknesses of 100 and 400 nm. It is shown that this deeper trap is occupied by room temperature irradiation and it is thermally depopulated between room temperature and 120" C. The tunneling depth of the trap is 1.5 eV and its thermal depth is 1.1 eV. As is the case for the shallow electron trap, the formation of this deeper electron trap appears to be diffusion limited with the Si/SiOz interfaces of the buried oxide being the source or sink of the diffusing species. While trapping in the shallow traps either increases or saturates with increasing annealing temperature, trapping in the deeper trap goes through a peak. The maxirnum trapping is near 1200" C for the 400 nm oxide and at 1100" C or lower for the 100 nm samples. In the 400 nm oxides annealed at 1250" C or higher, the concentration of shallow traps is sufficiently high to produce trap-assisted tunneling from the deeper trap. oxygcn. Following thc anneal, thc TEOS oxide was removed and the polysilicon was doped n-type by diffusion. Aluminum was deposited on the polysilicon and capacitors were formed by patterning the polysilicon/aluminum layers.
Charge trapping was measured by the cryogenic detrapping technique [8] . With this technique it is possible to independently measure hole and electron trapping after irradiation. The x-ray irradiations were performed at 40 K or 300 K, room temperature, using a tungsten target tube operated at 30 kV. The dose rate was 1.7 krad(SiQ2)/s and the total dose was typically 100 krad(SiO2). The capacitors were grounded during irradiation. This is normally the most favorable bias condition to investigate electron trapping. The field within the oxide due to the net positive charge provides a potential well that tends to retain electrons until they are captured 1151. The net charge in the oxide was monitored by high frequency capacitor-voltage (C-V) measurements. The voltage shifts of the C-V curves were determined by a least square fitting procedure [15] .
The presence of two electron traps with distinctly different trap depths is shown in Fig. 1 using results from the 400 nm buried oxide annealed at 1175" C. The electron traps are populated by a radiation dose of 100 krad(Si02) at 40 K with the gates grounded and are depopulated by thermal excitation and field-induced tunneling. Following irradiation the electron traps are emptied by a two step process. First, isochronal anneals of 20 minutes from 120 to 400 K were performed with the capacitors grounded, and second, after returning to 40 K, electrons were removed by field-induced tunneling at electric fields between 0 to 6 MV/cm. A family of curves, one for each annealing temperature plus one without the annealing step is plotted. Each curve shows the negative G-V shifts as the net positive Field (MVkm) Fig. 1 . Field-induced electron detrapping at 40 K. Results from the 400 nm buried oxide annealed at 1175" C are shown. Electron (and hole) traps are populated by a radiation dose of 100 krad(Si02) with the capacitor gates grounded at 40 K. After the irradiation and before field-induced detrapping a 20 min. thermal detrapping step was inserted at temperatures ranging from 120 K to 400 K(123" C). The top curve was collected without the thermal detrapping step.
charge increases due to electron detrapping by fieldinduced tunneling. Many of the measurements were repeated with two samples and the variations were smaller than the size of the data points in the figure.
The largest positive charge gain is evident when there is no annealing step. While the number of electrons trapped is less than the number of holes trapped, the number of electrons and holes captured are comparable. After irradiation, the C-V shift from the net charge is -5 V. Without the annealing step, the trapped electrons exhibit an 8 V shift. Thus, the number of trapped electrons is about 60% of the number of trapped holes.
Without the annealing step, all of the detrapped electrons are removed by tunneling and are swept from --10 :
the buried oxide by the applied field. During the isochronal annealing step with the capacitors grounded, electrons that are thermally excited from traps recombine with trapped holes. After irradiation, there is a net positive charge, and in the absence of an applied field, electrons that are thermally excited from traps move within the potential well formed by the positive charge until they recombine with a trapped hole. The net charge is unchanged as is verified by the negligible C-V shift caused by annealing (<0.1 V). (In annealing measurements made under bias, electrons were removed from the oxide and the net positive charge increased. In the measurements shown in Fig. 1 , annealing with the gates grounded was used to minimize the internal field generated by the net positive charge.) After annealing, electrons that remain in traps are removed by tunneling. As the isochronal annealing temperature is increased, more electrons are detrapped by thermal excitation and fewer electrons are detrapped by the applied field.
Both the field and temperature dependencies shown in Fig. 1 show the presence of two electron traps. In the field-induced detrapping there are two distinct steps: one below 3.5 MV/cm and one above that field. The height of each step is proportional to the number of electrons in each trap. In progressing from the data without annealing to the 300 K data, the number of electrons in shallow traps after annealing steadily decreases to a negligible number while the step height above 3.5 MV/cm is not changed. This shows that electrons are not thermally excited out of the deeper trap at 300 K, room temperature, and below. Between 300 and 400 K, electrons are thermally excited out of the deeper trap, and at 400 K (-120" (1) electrons are completely removed thermally. Both of the electrorr traps are bulk traps in the oxide, and neither responlds to the surface potential at the Si/Si02 interfaces. The detrapping shown in Fig. 1 is driven by the field inside the oxide and is the same for positive and negative gate voltages. There is a slight difference in the magnimde of the field at which detrapping occurs, but this is due to the contribution of charges in the oxide to the internal oxide field [8] . Thus, these traps are very different from slow states or border traps that do respond to the silicon surface potential [16, 171. From the data in Fig. 1 , the thermal and tunneling trap depths of the two electron traps can be calculated. The correspondence between the thermal trap depth and the temperature at which the trap is emptied is given by
where k is the Boltzmann constant, T is the temperature 
where F is the electric field, q is the electron charge, t is the time at the applied fielld, m is the electron mass, h is Planck's constant and W2 = lo-" eV2-cm3 is the square of the tunneling matrix element [21] . The thermal and tunnleling trap depth distributions of the shallow trap have already been determined and shown in Ref. [8] . The average thermal depth is 0.5 eV and the average tunneling depth is 0.9 eV. (In Ref. [8] an older value of the atternpt frequency was used [20, 211, v = Fig. 2 . The thermal depth distribution is shown with the dashed line and a solid line is used for the tunneling depth distribution. The average thermal depth is 1.1 eV and the average tunneling depth is 1.5 eV. Note that energy spread of the deeper trap is less than the spread of the shallow trap. This can also be seen by examining Fig. 1 . The detrapping field of the shallow trap ranges from 0.5 to 3.5 MV/cm, whereas the deeper trap is fully detrapped between 3.5 and 5 MV/cm. The thermal detrapping has the same trend. Thermal detrapping of the shallow trap occurs over the temperature range spanning 120 to 300 K. In comparison, the deeper trap is thermally depopulated in the 300 to 400 K range.
In Fig. 3 Detrapping at both temperatures yields the same number of trapped electrons. However, detrapping at room temperature occurs at fields that are 2 MV/cm lower. At room temperature, electrons leave traps by the combination of thermal excitation and tunneling. Thus, the apparent tunneling depth at room temperature is lowered. For calculating the trap tunneling depth, this illustrates the importance of performing the fieldinduced detrapping at a sufficiently low temperature to prevent thermal excitation.
A comparison of Fig. 3 with Fig. 1 shows that after a room temperature irradiation the deeper electron trap is occupied, but the shallow electron trap is not occupied. The solid circles replot the results from Fig. 1 for the 300 K anneal. For both the open and solid circle data sets, there is not any detrapping in the field range of the shallow trap. Both curves have the same field dependence of the deeper electron trap. However, after the room temperature irradiation there are 50% more electrons trapped in the deeper trap compared with 40 K irradiation. At 40 K, both traps capture electrons causing fewer electrons to be captured in the deeper trap. Also note that the number of electrons trapped at room temperature is a significant fraction of the number of trapped holes. The net positive charge after either room temperature or 40 K irradiation is the same and yields a -5 V C-V shift. Thus, the number of electrons captured in the deeper trap during the room temperature and 40 K irradiations are 42% and 32% of the number of trapped holes, respectively. Not only is there significant electron trapping in these buried oxides, but the amount of trapping in any of the traps is affected by the irradiation temperature. The effect of the oxide annealing temperature on electron trapping during room temperature irradiation is shown in Figs. 4 and 5. The dose was 100 krad(SiOz) with the capacitor gates grounded, and the field-induced detrapping was performed at 40 K. Results are shown for 400 and 100 nm samples in Figs. 4 and 5 , respectively. In Fig. 4 , the annealing temperature ranges from 1100 to 1325" C. Also included are data for samples that were not annealed after polysilicon deposition. Without the annealing step no electron trapping is observed. All of the annealed samples exhibit electron trapping in the deeper electron trap with the maximum trapping occurring at 1175" C. In contrast, electron trapping in the shallow traps monotonically increases over this annealing temperature range for 400 nm samples [S, 151. Room temperature electron trapping peaks at a lower annealing temperature for the 100 nm oxides as shown in Fig. 5 . There is significantly more electron trapping at 1100" C than at 1175" C. The downturn of the curves above 5 MV/cm is due to electron injection which then neutralizes trapped holes [8]. There is a slight upturn in the 1175" C data above 3 MV/cm suggesting electrons are being detrapped, but this small voltage shift is near the detection limit of the measurements. The 100 nm buried oxides exhibit the same pattern of shallow versus deeper electron trapping. Shallow electron trapping in the 100 nm oxides increases from 1100 to 1175" C and then saturates [15] . In contrast, trapping in the deeper trap is at a maximum at 1100" C or lower.
Previous work has suggested that the formation of the shallow electron traps [15] and of E' centers [14] is diffusion limited and that the Si/SiOz interfaces of the buried oxide are the source or sink for the diffusing species. The dependence of electron trapping in the deeper trap on the oxide annealing temperature and oxide thickness suggests that its formation is also diffusion limited. The deeper electron trap has the same relationship between temperature and thickness as the shallow trap. The trapping in shallow traps saturates at a lower temperature for the 100 nm oxide than for the 400 nm oxide [15] . Similarly, the maximum trapping in the deeper trap also occurs at a lower annealing temperature for the 100 nm buried oxide than for the 400 nm oxide.
IV. DISCUSSION

A. Diferentiating Electron Detrapping vs. Hole Motion
Capacitance-voltage measurements are only sensitive to the net charge in the oxide. Furthermore, their sensitivity is weighted toward the Si/SiO:! interface at which the silicon surface potential is being swept. The relationship between the voltage shift of the C-V curve and the changes in oxide charge are given by
where AQ is the change in the charge per area, C is the capacitance per area, 1 is the oxide thickness and x is the distance between the gate and the charge. Thus, charges very near the Si/SiOz interface are fully measured, charges very near the gate are not detected, voltage shifts for charges at the oxide midpoint are half as large, etc.
Despite these measurement limitations, it is possible to differentiate electron versus hole detrapping andor motion. For example, consider the field-induced C-V shifts after room temperature irradiation such as shown in Fig. 4 . Fields in the 4 to 5 M V k m range increase the measured net positive charge in the oxide. Furthermore, the same charge increase is measured for either positive or negative gate polarity.
This combination of measurements excludes explanations involving hole detrapping and/or motion within the oxide. The net measured charge increases.
Thus, if holes were responsible, they would have to move closer to the Si/SiOz interface without leaving the oxide. With a positive gate voltage, it would be possible for holes to be detrapped, move toward the Si/Si02 interface and be captured in deeper traps. However, the negative bias results preclude any such explanations.
The thermal excitation behavior is also inconsistent with hole-based explanations.
After a cryogenic irradiation, the voltage shift caused by the isochronal annealing step is negligible. If holes were thermally detrapped, they would have to recombine with trapped electrons to maintain the same charge in the oxide. However, that is inconsistent with the observation, that the net charge increases when a bias is applied during the annealing step. Thus, by carefully employing combinations of thermal and applied field steps after irradiation, it is possible to differentiate between detrapping of electrons and holes.
B. Trap-Assisted Tunneling
At high concentrations of shallow electron traps a significant fraction of the tunneling from the deeper electron trap occurs by trap-assisted tunneling. Instead of tunneling directly from the trap to the oxide conduction band, the electron first tunnels to a shallow trap and then to the oxide conduction band. The transition from direct tunneling to trap-assisted tunneling is shown in Fig. 6 . In this figure, the data from Fig. 4 is replotted. The irradiation was at room temperature and the electron detrapping was at 40 K. The total detrapping of the deeper trap is normalized for the four oxide annealing temperatures. As the annealing temperature is increased and the density of shallow traps increases, the field dependence of the electron detrapping changes.
At 1100 and 1175" C, the normalized detrapping is identical. This is because for the 400 nm buried oxides annealed at 1175" C or lower, the concentration of shallow traps is too low to observe trap-assisted tunneling. At 1250" C, there is a comparable amount of direct and trap-assisted tunneling. The trap-assisted tunneling starts at 2 MVIcm while the direct tunneling starts at 3.5 MV/cm. The figure shows that about half of the detrapping is trap assisted and half is direct. That is, half of the deeper traps have a shallow trap that is physically located closer than their tunneling distance. The oxides annealed at 1325" C have a higher concentration of shallow traps and most of the detrapping of the deeper traps is by trap-ashisted tunneling. At the field threshold for direct tunneling, most of the electrons in the 1325" C oxide have already been removed by trap-assisted tunneling. Note that Eq. 2 was used to calculate the tunneling depth of the deeper trap and that this equation is for trap-to-band tunneling.
Using the field-induced detrapping results from the 1250 or 1325" C oxides would underestimate the actual tunneling depth.
At the transition from direct to trap-assisted tunneling the concentration of shallow traps can be estimated. For,tunneling, the initial and final states must have the same energy. In trap-to-band tunneling the applied field tilts the oxide conduction band to make the trap and conduction band energies the same. Tunneling distances are typically a few nm because tunneling rates increase exponentially with decreasing tunneling distance. By placing a shallower trap along the path to the conduction band, the electron can tunnel a longer distance by first tunneling to the intermediate trap and then to the conduction band. The intermediate trap must not be as deep because the conduction band is tilted by the field. Consider tunneling of the deeper electron trap, 1.5 eV deep, at a field of 3.5 MV/cm. Fig. 6 shows that direct tunneling does not occur at this field but that there is trap-assisted tunneling. The distance to tunnel from a trap with a depth of 1.5 eV and a field of 3.5 MV/cm is 4 nm. To have trap-assisted tunneling there must be a shallow electron trap within this distance that provides a stepping stone for the electron on its path to the oxide conduction band. The volume in which the shallow trap must be located is less than the volume of a hemisphere with a radius of 4 nm. Assuming a random spatial distribution of traps, yields a concentration of shallow traps greater than lOI9/cm3. This is a lower limit because not all of the positions within the volume of the 4 nm hemisphere satisfies the tunneling equal energy requirement.
V. CONCLUSION
Electron trapping during irradiation is more important in SO1 buried oxides than in thermal oxide even if the buried oxide is initially formed by thermal oxidation. Two distinct electron traps are formed by annealing silicon dioxide buried between silicon layers over the temperature range studied: 1100 to 1325" C. The thermal trap depths are 0.5 and 1.1 eV, and the tunneling depths are 0.9 and 1.5 eV. Room temperature irradiation populates only the deeper trap and this trap is thermally emptied between room temperature and 120" C. The maximum electron trapping at room temperature is observed in the 400 nm thick buried oxide near 1200" C and in the 100 nm thick buried oxides at 1100" C (or lower). In buried oxides annealed at higher temperatures the concentration of the shallow electron traps increases and trapping in the deeper electron trap decreases.
While electrons are not captured in the shallow trap at room temperature, the high concentration of shallow traps in buried oxides annealed at 1250" C and higher leads to trap-assisted tunneling from the deeper traps.
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